The computational principles underlying the processing of sensoryevoked synaptic inputs are understood only rudimentarily. A critical missing factor is knowledge of the activation patterns of the synaptic inputs to the processing neurons. Here we use welldefined, reproducible skin stimulation to describe the specific signal transformations that occur in different parallel mossy fiber pathways and analyze their representation in the synaptic inputs to cerebellar granule cells. We find that mossy fiber input codes are preserved in the synaptic responses of granule cells, suggesting a coding-specific innervation. The computational consequences of this are that it becomes possible for granule cells to also transmit weak sensory inputs in a graded fashion and to preserve the specific activity patterns of the mossy fibers.
The computational principles underlying the processing of sensoryevoked synaptic inputs are understood only rudimentarily. A critical missing factor is knowledge of the activation patterns of the synaptic inputs to the processing neurons. Here we use welldefined, reproducible skin stimulation to describe the specific signal transformations that occur in different parallel mossy fiber pathways and analyze their representation in the synaptic inputs to cerebellar granule cells. We find that mossy fiber input codes are preserved in the synaptic responses of granule cells, suggesting a coding-specific innervation. The computational consequences of this are that it becomes possible for granule cells to also transmit weak sensory inputs in a graded fashion and to preserve the specific activity patterns of the mossy fibers.
cerebellum ͉ cuneate ͉ lateral reticular nucleus F irst-order processing of sensory inputs within the mammalian brain occurs within the spinal cord, brainstem nuclei, and thalamus, as well as in the input layers of specific parts of the cerebral and cerebellar cortices. For example, skin sensory input destined for the cerebellar granule layer can be preprocessed through either the cuneate nucleus pathway (1) or the spinal cord-lateral reticular nucleus (LRN) pathways (2) before being processed further by the granule cells. In the cuneate nucleus, neurons process raw primary afferent input mediated directly from skin receptors, and a set of rather intricate connectivity patterns ensures that the information conveyed through the cuneate neurons represent a synthesized receptive field that have sharp borders (3, 4) . Thus, it may be speculated that the purpose of the preprocessing is to present the input layers with sensory information in a form that can be more readily used by downstream neurons, eliminating properties of the skin sensory sheet that are not relevant to the central processing. In contrast, the LRN, another important precerebellar source, receives skin sensory input through neurons of the spinal cord that are involved in the mediation of descending motor commands (5, 6) . Although both the cuneate and the LRN are strongly influenced by skin input, they are likely to code the same skin input in different ways because of their differences in convergent synaptic inputs and intrinsic cellular properties.
The understanding of the function of the input layers is more limited, but at least for the cerebellar granule cells, various contrasting theories have been proposed (7) (8) (9) . Cerebellar granule cells have attracted considerable interest because of their relative simplicity; they receive only about 4 mossy fiber synaptic inputs, each of which evokes strong postsynaptic responses (7, 10) . Therefore, actually determining the precise role of each individual synapse in neuronal information processing is feasible, if intracellular recordings and a description of the natural activation patterns in vivo of each synaptic input can be obtained. Here we approach this aim by identifying the specific coding of a given skin input in the cells of the cuneate and the LRN, and then comparing the specific coding patterns with the excitatory postsynaptic potential (EPSP) response patterns in granule cells in whole cell recordings in vivo.
Results
Our main approach was to use electrical skin stimulation to evoke responses in precerebellar neurons and granule cells, and to compare the spike responses of the former with the EPSP responses of the latter (Fig. 1 ). To properly evaluate sensory responses, we always started by identifying the receptive field of the recorded neuron using manual stimulation ( Fig. 1 A; Fig. S1 ). For all precerebellar units/granule cells recorded from, the receptive fields were located distally, covering parts of the skin of 1 or 2 adjacent digits, or somewhat more proximally, that is, on the dorsal or ventral part of the paw or the ulnar or radial part of the forearm skin. There was essentially no difference in the size or location of the receptive fields between units of the cuneate and units of the LRN. To illustrate that these units were strongly driven by skin input from restricted receptive fields, the input from the skin was quantified by constructing peristimulus histograms of the manually evoked responses (Fig. S1 ). The data of these histograms were then used to calculate a response-tobaseline ratio (RBR); see Materials and Methods. The RBRs for the center of the receptive field ranged from 15 to 40 for cuneate units and from 3 to 20 for LRN units [mean Ϯ standard deviation, 26 Ϯ 12 (n ϭ 14) and 7.1 Ϯ 3.6 (n ϭ 18), respectively]. The relatively large difference between the 2 groups can be explained by the fact that a subgroup of LRN neurons had, on a relative scale, weak responses to the manual stimulation (RBRs of 3-7) and that even though some LRN units occasionally had equally strong or even stronger responses than the average cuneate unit, the response variability between stimulation trials was substantial for the LRN units, and this variability produced marked reductions in the RBR value. For both the cuneate and LRN units, manual stimulation applied to skin areas just adjacent to the identified border of the receptive field evoked essentially no response (RBR of approximately 1), indicating that the receptive fields were very well localized and had sharp borders.
Receptive fields of central neurons are typically composed of a sensitivity center surrounded by a periphery with weaker, more variable activation (11-13) ( Fig. S1 ). To avoid response variability associated with skin receptor activation (14) , we used closely spaced (5-10 mm apart) percutaneous skin needles to deliver electrical shocks within the sensitivity center of the receptive field. Note that although the electrical skin stimulation has the advantage of providing controllable inputs across the population of recorded cells, the responses evoked are not directly translatable to those obtained under more natural forms of synaptic input (7) .
On electrical skin stimulation, brainstem neurons responded with different response onset latency times (latencies). Whereas the cuneate neurons formed a relatively homogenous population in this respect, LRN neurons varied widely and appeared to be distributed along a continuous line on which the longest response latencies were twice as long as the shortest ones. In addition, many (but not all) of the other parameters investigated clearly indicated that the LRN neurons formed an inhomogeneous population with little tendency to form distinct subpopulations. The difference in the response latencies on electrical skin stimulation between cuneate cells (4.92 Ϯ 0.24 ms; n ϭ 14) and LRN neurons (10.4 Ϯ 2.8 ms; n ϭ 18) was statistically significant (P Ͻ .05). In addition, the response latencies of the 6 LRN units with the shortest response latency times (7.92 Ϯ 0.95) were statistically significantly different (P Ͻ .05) from those of the cuneate neurons.
The cuneate response pattern was a stereotyped, 2-component response (Fig. 1D ). The first component consisted of 2 or 3 spikes discharged at just below 1,000 Hz (870 Ϯ 40 Hz; n ϭ 14). The second component consisted of 1 or 2 spikes that appeared after a delay of 4-15 ms relative to the start of the first response component (response latency component 2: 14.3 Ϯ 3.85 ms). Because of these 2 distinct response components, the ratio between the second and first interspike intervals (ISIs) was as high as 6.3 Ϯ 4.1.
''Cuneate'' response patterns also were recorded in 3 mossy fiber terminals (cf. Fig. 1D ), although the latencies were 1 ms longer because of the conduction time from the brainstem (1). After compensation for this delay, the response latency times for components 1 and 2 (5.94 Ϯ 0.25 ms and 13.4 Ϯ 3.14 ms, respectively; n ϭ 3) and the discharge rate in the first component (920 Ϯ 21 Hz) did not differ (P Ͼ .05) from the corresponding values in cuneate neurons.
The responses recorded from LRN neurons (cf. Fig. 1E ) were characterized by a large interstimulus variability. The sum of the coefficient of variation (CV) for the latency times of the first 3 spikes was 26% Ϯ 11% (n ϭ 18, LRN units responding with 3 or more spikes), statistically significantly different from cuneate neurons (9.2% Ϯ 4.0%). In addition, the ratio between the second and first ISIs in the LRN neurons (1.1 Ϯ 0.10) differed from the much higher value in the cuneate neurons (P Ͻ .01). Four mossy fiber terminals with similar response latencies (correcting for the 1-ms conduction delay) and properties as the LRN neurons also were recorded.
To analyze the response patterns of synaptic inputs in granule cells, we made intracellular whole cell granule cell recordings (n ϭ 28) in the cerebellar C3 zone, which receives a massive mossy fiber input from the forelimb skin through the cuneate and LRN. A projection from the cuneate and LRN to the C3 zone was verified by low-threshold electrical activation of local mossy fiber field potentials and, in some cases, also by activation of EPSPs in the granule cells ( Fig. S2 ).
In some granule cells, electrical skin stimulation evoked synaptic responses at response latencies equal to those of cuneate neurons (6.5 Ϯ 0.50 ms; n ϭ 11) when corrected by 1.5 ms to allow for conduction time and synaptic delay. With this correction, the response latencies of the EPSPs in these granule cells (henceforth referred to as type I) did not differ from those in the cuneate neurons (P Ͼ .05). But the type I granule cells had significantly shorter response latency times than the 6 granule cells with the shortest response latency times within the non-type I group of neurons (8.9 Ϯ 0.45 ms; P Ͻ .05). As for the (3) were recorded with neurobiotin in the recording solution and could be morphologically recovered. Mossy fiber terminals were recorded extracellularly (2) and displayed the typical electrophysiological characteristics: a very fast spike (Ͻ 0.3 ms), followed by a ''glomerulus'' potential that indicates the synaptic activation of granule cells (16, 29) . (D) Spike activity evoked by electrical skin stimulation (stim) in a cuneate neuron (1), a mossy fiber terminal (2) , and a granule cell (3) . (E) Spike responses with somewhat longer response latencies (see text) evoked in an LRN cell (1), a mossy fiber terminal (2) , and a granule cell (3) . Software high-pass filters were applied to the recordings in (1) and (2). precerebellar units, the difference became even larger when the comparison was made with the entire non-type I population of granule cells (11.6 Ϯ 2.5 ms).
The EPSP responses evoked in both type I and non-type I granule cells were composed of a large number of individual elements, and the evoked, compound EPSPs were several-fold larger than the largest spontaneous EPSPs ( Fig. 2A ). Note that because EPSPs were identified on relatively strict criteria based on the derivative of the voltage trace ( Fig. 2B ), the number of events likely represents an underestimation. Interestingly, the numbers of evoked spikes in terminals and brainstem neurons were lower than the number of EPSPs in granule cells (P Ͻ .001; Fig. 2C ) by about a factor of 4, corresponding to the average number of available mossy fiber synapses on granule cells (7, 10) ( Fig. 2C and D) . The shortest ISIs/inter-EPSP interval (IEIs) also differed significantly between the presynaptic and postsynaptic elements; no precerebellar neuron/mossy fiber fired at shorter intervals than 0.95 ms, whereas the minimal IEI in granule cells was 0.23 ms (Fig. 2C ). This indicates that the activity in a single mossy fiber could not possibly account for the EPSP responses of the granule cell.
We also calculated the CVs for the latency times of each of the first 6 evoked EPSPs. This value was 19% Ϯ 1.3% for type I granule cells, compared with 73 Ϯ 42% for non-type I cells (P Ͻ .05). To some extent, this difference between the 2 populations seemed to parallel the difference in CV for the evoked spikes between cuneate and LRN units (9.2% and 26%, respectively; see above). In addition, as in cuneate neurons, the average EPSP response in type I cells, in contrast to that in non-type I cells, contained a distinct second response component (defined as a voltage increase of at least 2 mV with a 10%-90% rise time of Ͻ3 ms; see Fig. 3A ). To further evaluate the possibility that granule cells receive their input from specific subsets of precerebellar units, we analyzed the spontaneous activity of these units and compared them with the spontaneous EPSP activity in granule cells. We divided the population of LRN units into 2 distinct groups based on their spontaneous discharge rates. One group discharged at a relatively high, regular rate of 23.3 Ϯ 8.8 Hz (n ϭ 15), and the other fired at only 1.7 Ϯ 0.86 Hz (n ϭ 12). In contrast, all cuneate units had a relatively low and irregular spontaneous firing rate (9.4 Ϯ 4.4 Hz). Interestingly, type I granule cells had spontaneous EPSP rates of 35 Ϯ 7.1 Hz (n ϭ 11), whereas non-type I cells had spontaneous EPSP rates of either 82 Ϯ 29 Hz (n ϭ 11) or 11 Ϯ 2.6 Hz (n ϭ 5). Accordingly, the 3 different spontaneous rates in the precerebellar units matched those of the EPSPs in the corresponding granule cells if multiplied by a factor of 4 ( Fig.  S3 ). For both precerebellar units and granule cells, each group had a distribution that was statistically significantly different from that of the other 2 groups with respect to the spontaneous discharge. Note, however, that the 2 separate groups of LRN neurons were not coupled to any specific set of response latencies (Fig. S3) . Thus, the variation in spontaneous firing rate provided another means by which the LRN neurons were diversified.
In granule cells, the most intense spike trains/bursts clearly were evoked by EPSP responses that have a large amplitude and fast rise time (7; also see Fig. S4 ). In addition, the responses of the precerebellar units clearly differed in terms of the intensity of the spike trains evoked by skin stimulation. To further evaluate this relationship, we used a formula for quantifying the response intensity (RIF; see Fig. S5 ), which measures the peak amplitude versus the rise time/duration of the response in a linear fashion. RIF values for spike responses were based on the average spike response times (plotted as peristimulus histograms; see Fig. 3A ). For granule cells, the corresponding RIFs were calculated from their average EPSP responses (Fig. 3A) . Fig. S4 illustrates that EPSP responses with different RIF values resulted in corresponding differences in spike output. When plotted against the response latencies, the time-RIF relationship for precerebellar neurons and granule cell EPSPs could be fitted to a curve by exponential regression [RIF ϭ 2.56*0.73exp(response latency); R2 ϭ 0.73; P Ͻ .05]. The difference in RIF between type I granule cells and non-type I granule cells was significant (0.76 Ϯϩ/-0.13 vs. 0.15 Ϯ 0.09; P Ͻ .001), as was the difference between cuneate and LRN neurons (0.83 Ϯ 0.09 vs. 0.12 Ϯ 0.10; P Ͻ .001). In contrast, there was no difference between cuneate neurons and type I granule cells (P ϭ .27) or between LRN neurons and non-type I granule cells (P ϭ .51).
To analyze the effects of different precerebellar spike patterns on the granule cell EPSP patterns, we used a model of granule cell synaptic integration (10) . To test the hypothesis that the response patterns evoked in the granule cells depended on a convergence of mossy fiber input from precerebellar neurons with very similar response patterns, we fed the spike response times evoked at different stimulations in the same precerebellar neuron to all 4 synaptic inputs of the model (Fig. 4A) . Each of the 4 mossy fiber inputs of the model was assigned a specific EPSP amplitude, which was motivated by results from a previous investigation that indicated a low variability and specific amplitudes for individual mossy fiber synapses in vivo (7) . Fig. 4B illustrates the EPSP responses modeled from the spiking activity of the 3 precerebellar neurons shown in Fig. 3A. Fig. 4C illustrates the averages of the modeled EPSP responses and compares them with the recorded granule cell EPSP responses also shown in Fig. 3A . A plot of the RIFs of the modeled granule cell responses (based on spike times from 10 cuneate neurons and 20 LRN neurons) against response latencies indicated a similar distribution as for the recorded granule cell responses (exponential regression curve for modeled EPSP responses: y ϭ 3,55*0,70exp(x); R2 ϭ 0.84; P Ͻ .05) (dashed line in Fig. 3B ). In contrast, using the model to test the alternative hypothesis that precerebellar neurons that code the skin input with different response patterns resulted in EPSP responses not seen in the granule cell recordings (Fig. 4D ). For this purpose, we arbitrarily divided the LRN cells into fast responders and slow responders (division line: 10 ms response latency). The modeled granule cell responses from a combination of cuneate and fast LRN or cuneate and slow LRN inputs fell distinctly outside the latency-RIF relationship shown in Fig. 3C , because all RIFs were below 0.45 (range, 0.08-0.44), whereas all response latencies were around 5 ms. Because the LRN units formed a continuous population in terms of the distribution of response latency times and response intensities (Fig. 3B) , with this analysis, it would of course be impossible to precisely determine to what extent LRN units with different response latency times are combined in granule cells. But the fact that the relationship between the response latency and response intensity for granule cell EPSPs was reproduced in the granule cell model when the response times of single precerebellar cells were fed to all 4 mossy fiber inputs of the model (Fig. 3B, dashed line) suggests that convergence did not occur between LRN cells with widely different response latency times and response intensities.
Discussion
We found that different precerebellar neurons responded to electrical skin stimulation with specific patterns or codes, which were linked to the specific response latencies as well as to the brainstem nuclei of origin. The specific response patterns found in mossy fibers also were detectable in the EPSP responses of granule cells with corresponding relative response latencies, although the number of underlying events was 3-4 times higher. Furthermore, we found a close relationship between the response latency time and the response intensity for both precerebellar spike responses and granule cell EPSP responses. In addition, the spontaneous spike activity and spontaneous EPSP activity displayed a parallel specificity to response type in precerebellar neurons and granule cells. These findings suggest that most or all mossy fiber inputs to a granule cell code skin input in a similar way. This arrangement provides for new mechanisms of brain sensory processing; it maximizes the probability that weak sensory events are transmitted with high fidelity (Fig. S6) while the function of the input cell as a strong noise-reducing filter is preserved.
Our findings, referred to as the similar coding principle below, indicate that the mossy fibers innervating a granule cell not only carry information from the same modality and receptive field (7) , but also seem to code the sensory information in the same way. In contrast, mossy fibers that code the sensory information differently terminate on separate sets of granule cells. The separation of differently coded input is important, because differences in encoding could reflect the signaling of different aspects of the same sensory event. An obvious example of this is the difference between the cuneate and LRN neurons; cuneate neurons are more devoted to the pure sensory aspect, whereas the LRN cells receive their skin input through spinal interneurons mediating descending motor commands to the ␣ motor neurons (5) .
A similar coding principle was demonstrated for the mossy fiber input, and sample recordings demonstrated that the spike output code is different in granule cells that receive differentially coded mossy fiber inputs (Fig. S4 ). Granule cells have been found to be relatively simple spike encoders; that is, they feature a relatively linear and uncomplicated conversion of depolarization level to spike rate (7, 15) . Thus, it is a logical consequence that the spike output of the granule cells also can be expected to ref lect this coding principle, at least during low-intensity, rate-coded mossy fiber activation, which appears to be the prevailing form of activation under this behavior (16, 17) . But during high-intensity mossy fiber bursts, the translation of mossy fiber input to a depolarization level in the granule cell possibly may not be entirely linear; for example, both cuneate and LRN mossy fibers can fire at up to 1,000 Hz during skin stimulation (2, 18) , a frequency at which the depression of the synaptic transmission to granule cells is profound (7) .
Thus, cerebellar input processing apparently differs from that of the electrosensory system of the weakly electric fish, a model system in which a detailed characterization of sensory processing has been achieved. Here the neural correlates of the fundamental sensory functions of event/feature detection and estimation of a time-varying signal have been ascribed to spike bursts and spike frequency modulations, respectively (19) . This feature extraction occurs at the level of the first input cell-the electrosensory pyramidal cell-which uses dendritic processing and regenerative cellular responses to generate a burst output if the primary sensory input contains information about a specific event (20, 21) . If the sensory input does not contain such events, but instead carries a lower-frequency, timevarying signal, then the cell does not generate a burst, but rather encodes the input in a more linear fashion (19) . Interestingly, in the mammalian skin sensory system, these fundamental features apparently are laid down already at the stage of the primary afferents, with a possible contribution of precerebellar processing in magnifying the feature extraction.
The skin information contained in the mossy fiber systems that we evaluated here were composed of both hair follicle afferents and skin tactile afferents (18) . Although the primary afferents of both submodalities are excellent tactile event detectors, coded with bursts in the mossy fibers (7, 18) , they also function as proprioceptors, and then as rate-coding estimators operating at lower firing frequencies (22, 23) .
The similar coding principle is an ideal computational principle for implementing a strong noise-reducing filter (both peripheral receptors and individual integrating neurons are noisy spike-encoders; see ref. 24 for a review) while maximizing the probability that minute sensory events are transmitted as well (Fig. S6 ). This is an important new aspect of granule cell function, because the capability of fine sensory discrimination, important for tactile discrimination and proprioception, is thought to depend on the detailed timing of just a few spikes (14) . Furthermore, in both proprioception (estimation) and tactile detection, information about the pattern of skin strain and indentation is carried by a population of sensory afferents. The primary afferents with receptive fields in the center of the skin strain/indentation are most strongly activated, but the primary afferents with adjacent receptive fields, which are more weakly activated, carry important aspects of the information, making it possible for the brain circuitry to form a richer, more complete picture of the nature of the sensory event. The similar coding principle maximizes the probability that also these weak ''fringe'' zone events are transmitted ( Fig. S6 ) and at the same time filtered from noise, and thus can ensure that the more central processing units (e.g., Purkinje cells and molecular layer interneurons) receive reliable information about all aspects of the available sensory information.
Our findings regarding granule cell function differ from the conclusions drawn from granule cell recordings in whiskerrelated areas of the rat (9) and in a vestibular-related system of the mouse (17) . It is conceivable that the mossy fiber convergence patterns differ between different functional areas of the cerebellum; for example, the whisker system may function differently from other somatosensory systems, in that they may have the sole function of event detection, not proprioception. Thus, burst activation possibly may be the sole operating mode of these afferents, and the system may have adapted to this arrangement by allowing bursts in single mossy fibers to influence granule cell output (9) . In contrast, in the system studied here, it was shown previously that a single mossy fiber will not activate the granule cell spike, not even when activated at 1000 Hz, but spike activation depends on the synchronous activation of 3 or 4 mossy fibers (7) . Arenz et al. (17) reported that granule cells with rotation-activated EPSC-inputs had very small EPSCs that were not modulated during rotation, even though all of the medium-to-large EPSCs were clearly modulated. They concluded that the nonmodulated EPSCs may represent nonvestibular information (17) .
One important difference between the present study and previous in vivo studies of mossy fiber convergence in granule cells is that our conclusions are supported by a systematic (18) and detailed characterization of mossy fiber inputs. Given the wide variety of mossy fiber responses to the same stimulation, such information is crucial to any conclusions on this issue.
Apart from its feature of allowing transmission of weaker sensory inputs in a graded fashion, the similar coding principle also implies that the granule cell spikes consistently represent the same type of information, and that no substantial information convergence occurs among the granule cells. Instead, all integration of sensory information within the system must occur in the downstream Purkinje cells and their afferent inhibitory interneurons. Arguably, this makes sense, because the sensory integration through these neurons is regulated by synaptic plasticity (25) (26) (27) under the control of a feedback signal related to the performance of the movement controlled by the Purkinje cells (26, 27) .
Materials and Methods
In decerebrated cats, we made patch clamp recordings from cerebellar granule cells and the cuneate nucleus and extracellular metal electrode recordings from the cuneate and the lateral reticular nuclei, as well as from mossy fiber terminals. Data are given as mean Ϯ standard deviation. For a complete, detailed description of the materials and methods used, see SI Text.
